Introduction
Pyrrolizidine alkaloids (PAs) are plant secondary metabolites characteristic of several genera within the Asteraceae and Boraginaceae, and sporadically present in the Fabaceae and Orchidaceae (Hartmann, 1999) . PAs are formed by the esterification of a necic acid and a necine base, and comprise more than 400 chemical structures identified from ca. 6000 species (Langel et al., 2011; Witte et al., 1993) . In Senecio (Asteraceae), one of the largest genera of flowering plants distributed worldwide, PAs are mostly in a macrocyclic diester form (Hartmann and Ober, 2000; Witte et al., 1993) .
PAs are acutely toxic, genotoxic and teratogenic to vertebrates and invertebrates (Chen et al., 2010; Cheng et al., 2011a; Frei et al., 1992; Moyano et al., 2006; Stegelmeier et al., 1999) . Chronic ingestion of PA-containing plants and contaminated hay, straw or silage, causes livestock poisoning (Cheeke, 1988; Wiedenfeld and Edgar, 2011) . In humans, exposure to PAs contained in herbal teas, medicines, contaminated cereals, pollen and honey has been related to acute and chronic liver toxicity, such as the veno-occlusive disease, especially in children (Edgar et al., 2002; Kempf et al., 2010; Molyneux et al., 2011; Wiedenfeld and Edgar, 2011) . The role of PAs as plant chemical defenses against phytophagous insects has been widely documented (Hartmann, 1999) . Indeed, PAs may have evolved in response to the consumption pressure from invertebrate herbivores (Doorduin and Vrieling, 2011; Hartmann, 1999) .
PAs are largely stored in the plant foliage in the non toxic N-oxide form (Joosten et al., 2009 ; but see Joosten et al., 2011) . However, after ingested by herbivores they are reduced into tertiary amines in the gut and metabolized by cytochrome P 450 s, originating reactive metabolites that interact with proteins and nucleic acids (Hartmann, 1999; Fu et al., 2004) . The toxicity of PAs strongly depends on some molecular features (Hartmann, 1999; Moyano et al., 2006; Stegelmeier et al., 1999) . For example, the presence of a double bond at C1-C2 in the necine base, as occurring in retronecine and otonecine bases (often referred to as 1,2-unsaturated PAs or dehydroPAs), is necessary for their bioactivation and it has been associated to a greater toxicity in comparison with saturated necine bases (Hartmann, 1991; Li et al., 2013; Wiedenfeld and Edgar, 2011) .
Accordingly, the toxic potential of PA-containing plants will depend on the PA absolute concentrations but also on the PA profile, that is the relative abundance of individual PAs.
One important aspect of plant phytochemistry scarcely explored is the changes in chemical defenses and plant toxicity as a result of biological invasions. Intraspecific divergence in plant chemistry could have ecological and evolutionary consequences on the invaded ecosystems by modifying the interactions between plants and herbivores and facilitating invasion success (Keane and Crawley, 2002) . Genetically determined concentrations of plant toxins, including PAs, were higher in native populations compared with introduced populations of several plant species (Doorduin and Vrieling, 2011) . However, whether plant toxicity is increased in the invaded areas is yet unclear.
To date no comprehensive biogeograhical studies have determined phenotypic concentrations and profiles of chemical defenses, i.e. as consumed by local herbivores, covering the entire distributional area of a plant species in its native and invasive range.
Here we aimed to determine whether PAs changed after invasion in Senecio pterophorus DC (Asteraceae), a perennial shrub native to South East South Africa which was expanded into Western South Africa (~100 years ago), and introduced into Australia (> 70-100 years ago) and continental Europe (> 30 years ago) (Barberis et al., 1998; Casasayas, 1989; Castells et al., 2013; Hilliard, 1977; Levyns, 1950 ; The Council of Heads of Australasian Herbaria, 2014). S. pterophorus in Australia is classified as a expanded range (Western South Africa), and two introduced ranges (Australia and Europe). We finally discuss whether toxicity of S. pterophorus has changed after plant invasion.
Results and discussion

Identification of PAs
We found 57 macrocyclic diester PAs in S. pterophorus, 18 of them as N-oxides and 39 as tertiary amines, belonging to 6 necine bases: retronecine, otonecine, platynecine, rosmarinecine, dihydrootonecine and hydroxy-dihydrootonecine (Table 1 , Fig. 1 ). These necine bases were classified into three groups according to their structural features: 1,2-unsaturated bases (retronecine and otonecines), 1,2-saturated retronecine bases (platynecine and rosmarinecine) and 1,2-saturated otonecine bases (dihydrootonecine and hydroxy-dihydrootonecines) (Fig. 1 ).
PAs were identified based on their chromatographic and mass spectrometric properties, and by comparison with available standards (Table 1) . Additional evidence was obtained by treating samples with sodium meta bisulfite (Na 2 S 2 O 5 ), which efficiently reduces N-oxides to the corresponding tertiary amines (Joosten et al., 2010) .
Reduction of an N-oxide should result in an increased concentration of the corresponding PA tertiary amine. PAs only present in the non-reduced samples were considered N-oxides. Several compounds that remained unaffected by the reduction procedure were suggestive of having an otonecine structure, as this type of bases only occur as tertiary amines and do not form the corresponding N-oxide forms (Hartmann, 1999) .
Compounds for which no analytical standard was available, but which showed typical PA mass fragmentations, were classified by their necine groups according to their molecular mass and fragmentation behavior according to literature (Li et al., 2008; These et al., 2013; Xiong et al., 2009; Zhou et al., 2010 Fig. S2 ). The absence of a mass fragment with m/z 186 indicates that the necine hydroxy group is esterified. However, the specific configuration of the ester group (e.g. angeloyl, tigloyl or senecioyl) is unknown. These PAs were tentatively identified as 1,2-dihydrosenkirkine (dihydrootonecine base) and hydroxy derivatives and esters of 1,2-dihydrosenkirkine (hydroxy-dihydrootonecine base) (Table 1) .
Finally, the identity of rosmarinine was elucidated by 1 H and 13 C NMR spectroscopy through the performance and the concerted analyses of 1D and 2D NMR experiments, and the stereochemistry was determined based on 1D selective NOE (Nuclear Overhauser Effect) experiments (Fig. S1 , Table S1 ). These results were consistent with previous reports of rosmarinine in S. rosmarinifolius (Richardson and Warren, 1943) , S. triangularis (Roitman, 1983) and S. hadiensis (Were et al., 1991) .
High concentrations and diversity of PAs
Mean total PA concentrations in S. pterophorus foliage including plants from the four regions ranged from 2.0 to 42.7 mg/g dry wt., with an average of 11.8 mg/g dry wt.
These concentrations are high compared with most other Senecio species and much higher than the reports on S. pterophorus from Liddell and Logie (1993) and Caño et al.
(2009). For example, PA concentrations in Senecio jacobaea, S. alpinus, S. aquaticus, S. rupestris, S. erucifolius, S. viscosus, S. sylvaticus, S. inaequidens and S. adonidifolius
ranged from 0.30 mg/g dry wt. to 2.70 mg/g dry wt. (Macel et al., 2002) . The concentration is similar to that reported for S. longilobus (5.3-54.1 mg/g dry wt.), but lower than that of S. riddellii (16.2-130.9 mg/g dry wt.) (Johnson et al., 1985) .
Comparatively to other congeners, S. pterophorus also displayed a high PA diversity based on the number of compounds, their necine bases and necine groups (Table 1) . S.
review of the PA diversity in the Senecioneae nearly all Senecio contained PAs from one or two necine bases, one of them being retronecine, but the presence of three or more necine bases was very uncommon (Langel et al., 2011) . Indeed, 1,2-saturated otonecine base PAs have been poorly reported in the literature, as far as we know only in Senecio integrifolius and the S. speciosus / S. macrocephalus complex (Langel et al., 2011; Roeder and Liu, 1991; Ruth, 1991) .
Retronecine and rosmarinecine PAs were the most abundant necine bases in S.
pterophorus. Averaged for all plants, retronecine and rosmarinecine PAs represented a 45.5% and a 29.6% of the total PA concentrations, respectively. These two necine bases have a common biosynthetic precursor, homospermidine, but the subsequent steps leading to 1,2-unsaturated (retronecine and otonecine) and 1,2-saturated bases (platynecine and rosmarinecine) follow two differentiated pathways (Hartmann and Ober, 2000) . Retronecine PAs, by far the most common PAs in Senecio, originate from trachelanthamidine, which is transformed to senecionine N-oxide in the roots, translocated to the shoots via the phloem, and transformed into a bouquet of different retronecine and otonecine PAs by specific enzymatic reactions (Hartmann, 1999; Hartmann and Dierich, 1998; Hartmann and Ober, 2000; Kelly and Robins, 1987; Kunec and Robins, 1986; Robins, 1989) . In contrast, platyphylline and rosmarinecine bases are derived from isoretronecanol, an isomer of trachelanthamidine (Hartmann and Ober, 2000, Robins, 1989) , although the biosynthetic routes of these base moieties have not been completely characterized.
The structural features characteristic of retronecine (1,2-unsaturated base) and rosmarinecine PAs (1,2-saturated base) have been related to their potential toxicity (Li et al., 2013) . PAs are hepatotoxic, carcinogenic, genotoxic and teratogenic after a bioactivation by cytochromes P 450 which occurs under the presence of a double bond at C1-C2 (Chen et al., 2010; Fu et al., 2004; Hartmann, 1999; Stegelmeier et al., 1999; Wiedenfeld and Edgar, 2011) . Cytotoxic assays have demonstrated a higher toxicity of retronecine and otonecine PAs compared with platynecine PAs (Li et al., 2013) . While comparative toxicity of rosmarinecine PA remains untested, rosmarinine did not form the hepatotoxic reactive pyrrole intermediates (Culvenor et al., 1971; Styles et al., 1980) . All these results strongly suggest that retronecine PAs are potentially more toxic than rosmarinecine PAs.
Biogeographical divergence in PAs
We compared PA concentrations and profiles in S. pterophorus across its entire distributional area at the native range (Eastern South Africa), the expanded range (Western South Africa) and two cross-continental introductions (Australia and Europe).
Plants from the native region in South Africa contained the highest number of compounds (55 PAs) but this diversity was partially lost in the non-native areas (Table   2 ). Thus, jacobine-type PAs were completely missing in the expanded populations in South Africa and Australia, and the number of otonecine-type PAs was also reduced in all non-native regions, especially in Western South Africa and Europe ( (Fig. 2 ).
Spatial differences in individual PA concentrations were found for most retronecine and otonecines and all platynecine and rosmarinecines, but not for saturated otonecines (Table 2 ). Rosmarinine N-oxide was the most abundant PA in Australia,
Western South Africa and Eastern South Africa. In Europe, however, it was comparatively scarce, and the predominant compounds were acetylseneciphylline Noxide, seneciphylline N-oxide and senecionine N-oxide (Table 2) . When PA absolute concentrations were averaged by necine bases, geographical differences were only found for rosmarinecine and platynecines (Fig. 2) . Rosmarinecines absolute and relative concentrations were extremely higher in plants from South Africa and Australia compared with plants from Europe (Fig. 2) . Indeed, the abundance of rosmarinine and isomers were strong indicators of plant origin to differentiate European from nonEuropean populations.
Chemotypes
In order to determine the differences in the PA profile across regions we clustered tertiary amines and N-oxides. Plants from the native populations in Eastern South Africa had higher levels of senecivernine, retrorsine and senkirkine, as well as lower levels of seneciphylline compared with the non-native regions (Fig. 3, 4) . Plants from Western South Africa and Australia had similar PA profiles, with higher levels of platyphylline and rosmarinines (Fig. 3, 4) . Finally, individuals from Europe had higher relative concentrations of senecionine, acetylseneciphylline and acetylspartioidine and lower concentrations of platyphylline and rosmarinines (Fig. 3, 4) . biotic conditions (Orians and Ward, 2010) . In a previous study we found that climate was driving evolutionary changes in plant traits, e.g. biomass and total leaf area (Colomer-Ventura et al., unpublished) , and thus it could also have effects on PAs.
Current hypotheses on biological invasions also predict changes in plant toxins due to the herbivore selective pressures in the invaded areas (Bloosey and Notzold, 1995; Doorduin and Vrieling, 2011; Orians and Ward, 2010) . The higher concentrations of PAs and the predominance of a specific chemotype in the invasive populations of Jacobaea vulgaris (formerly Senecio jacobaea) compared with the native populations was related to the lost of specialist herbivores in the novel areas (Joshi and Vrieling, 2005) . The divergence in S. pterophorus PAs between the two cross-continental introductions, Australia and Europe, suggests that different factors, including both neutral events and natural selection, could affect post-invasive changes in plant chemistry.
Consequences on plant toxicity
The biogeographical divergence of PAs in S. pterophorus, especially the absolute and relative abundance of retronecine (1,2-unsaturated bases) and rosmarinecines PAs (1,2-saturated base), suggests that plant toxicity could be increased after invasion. Plants from Australia had the highest absolute concentrations of total PAs than in any other region, and the highest concentrations of the highly toxic pterophorus on contaminating grain crops should be taken into consideration, especially in South Australia where large populations of S. pterophorus occur close to agricultural areas (Castells et al., 2013) .
Conclusions
Plant chemical defenses often differ between native and invasive populations 
Experimental
General experimental procedures
Analysis of plant extracts was performed on a Waters Acquity UPLC system coupled to a Waters Quattro Premier XE tandem mass spectrometer (Waters, Milford, MA, USA) and on a Waters Acquity UPLC system coupled to a Waters Xevo TQ-S tandem mass spectrometer (Waters, Milford, MA, USA). Both systems were operated in positive electrospray mode. Pyrrolizidine alkaloids were obtained from commercial sources (Phytolab, Vestenbergsgreuth, Germany; Phytoplan, Heidelberg, Germany), were isolated from plant material (PRISNA, Leiden, the Netherlands) or were synthesized in house as described before (Cheng et al., 2011b) .
Species description and sampling
Senecio pterophorus DC (Asteraceae) is a perennial shrub native to the Eastern Cape and southern KwaZulu-Natal provinces in South Africa (Hilliard, 1977) . Its range expanded to the Western Cape during the early 20th century (Levyns, 1950 (Casasayas, 1989) and additional populations in the Mediterranean basin were found in 1990 on the Ligurian coast in northwestern Italy (Barberis et al., 1998) . 
Alkaloid analysis
Dried, ground leaf material was extracted according to the procedure described by Cheng et al. (2011a) . Powdered material was extracted with 2% HCOOH solution in a 1 to 100 ratio (w/v). The extract was then filtered and 25 µL were diluted 40 times with 10 mM NH 4 OH. PA composition and content was determined using a Waters Acquity chromatographic system coupled to a Waters Quattro Premier XE tandem mass linearly to 50% CH 3 CN in 12 min. Mass spectrometric data were processed using Masslynx 4.1 software (Waters, Milford, MA, USA).
Based on their fragmentation spectra for each compound two ions (typically the most abundant ones) were selected to be included in the MRM. See Table 1 for the mass spectrometric settings selected for each compound. PAs were quantified against a calibrant of available PA standards. For a number of PAs no reference standard was available. For those PAs for which no reference standard, a semi-quantificative result was obtained by comparison of the peak area with that of a structurally related compound, indicated in Table 1 . Some representative chromatograms of plant extracts are provided as Supplementary Material.
Some representative samples were screened on the Xevo TQ-S mass spectrometer for the presence of novel pyrrolizidine alkaloids using parent ion scanning. Table 1 and 2. Some representative mass fragmentation spectra and putative fragmentation pathways are provided as Supplementary Material. 
NMR analysis
